Introduction

1: i 21
Many nitrogen fixing bacteria convert gaseous nitrogen (N 2 ) to ammonia 
6:
I ninogen fertilizer credit is assigned on a yearly basis to soybean-corn or soybean-wheat 7 8 rotations. Assuming an average seed nitrogen content of 5.5%, the estimated saving in 9 nitrogen fertilizer costs is an additional 125 million dollars. Increasing seed nitrogen 10 content could provide additional value as a prot-ein supplement in foods and feeds. 11 Superior N 2 fixing strains of Bradyrhizobium have been identified. However, 12 highly competitive native soil bradyrhizobia limit the ability to control infection of 13 soybean roots by an added inoculum strain. This is referred to as the Bradyrhizobium 14 15 competition problem (Streeter 1994 ; Sadowsky and Graham1998). Successful 16 inoculation of soybean is dependent upon overcoming competition of native 17 bradyrhizobia and the establishment of the applied strain in soil. 7 and obtained a nodule occupancy of less than 42% with fittle persistence in the soil.
8 Ellis et al. (1984) found that the application of high levels of an applied strain increased 9 the population size of that strain in£oil but didnot increase nodule occupancy.
Additionally, Brockwell et aI. (1987) and Roughley et al. (1993) found over 90% of 11 their inoculum died within twenty-four hours of seed application. 12 The use of bactericidal agents has been shown to inhibit native bradyrhizobia. 13 14 Hossain and Alexander (1984) found that the addition of the fungicide benomyl and the antibiotics erythromycin and streptomycin effectively enhanced colonization of 16 soybean, when inoculated withoa strain of Bradyrhizobium resistant to these 17 antimicrobial compounds. These antimicrobial agents were able to effectively reduce 18 predation by protozoa or competition by native bradyrhizobia and allow the introduced 19 str~ to nodulate soybean. Jones and Giddens (1984) found that fungicide-resistant 21 mutants of B.japonicurn USDA strain 110, when used with the appropriate fungicide, 22 experienced enhanced survival in the soil and the bacterial counts within the nodules 23 were increased. Further studies by Li and Alexander (1986) used streptomycin 24 amendments to the soil to limit the growth of Sinorhizobiurn rneliloti allowing the 26l resistant inoculum strain to increase nodule number and occupancy versus the treatment I 27 without the antibiotic. the complementary YEM-contro1 plates multiplied by 100 determined the percent 13 14 intrinsic resistance by the native bradyrhizobia. 16 Actinomycete cultures that produce the antibiotics used in nodule typing 17 (described above) were obtained from the American Type Culture Collection (ATCC): 18 Amycolatopsis mediterranei ATCC #13685 (rifampicin), Streptomyces coeruleoprunus 19 20 ATCC #43681 (neomycin), Streptomyces kanamycetius ATCC #12853 (kanamycin), 21 Streptomyces rimosus sub sp. rimosus ATCC #33022 (oxytetracycline), and 22 Streptomyces sp. ATCC #11652 (tetracycline). The test strains of B.japonicum used 23 were USDA strains 1-110, 3I1 b-l10, 3Ilb-76, 311b-24, 123, and 127, and strain An-5 (a 24 streptomycin resistant strain of serogroup 123 received from Dr. R.M. Zablotowicz, the 25 USDA Weed Science Laboratory, Stoneville, MS). Each test strain was grown to 26l stationary phase (5 days) in 100 ml ofYEM broth at room temperature on a tabletop 51 by the actinomycete cultures in the four comers of the '+' pattern was visually rated on a grown in 100 ml YEM broth culture at room temperature on a tabletop shaker at 170 19 rpm for 5 days, as previously described. YEM agar plates amended with 12.5 ).l.glml of 20 each antibiotic combination listed above were inoculated with 0.1 ml of broth culture. 21 22 The plates were then incubated at 28°C for 7 to 14 days. Individual colonies growing 23 on the plates of each antibiotic combination were transferred to new plates containing 24 25 ).l.glml of each antiobiotic combination streaked for isolation, and grown as 25 preViOUSlY described. This step-wise successive transfer of isolates was followed until 26 five different isolates were obtained from each antibiotic combination at a final 27 . each trial evaluating eight to ten resistant strains. Each inoculum treatment was 19 replicated five times and watered as needed with a N free mineral nutrient solution. In 21 total, nine trials were required to assess 81 isolated antibiotic resistant strains. 22 Harvesting occurred at 35 days after inoculation to assure for the development of 23 functional nodules. 24 At harvest, plants were removed from their pots and the plant shoots were cut just above the root as previously described. .
Testing ofantagonistic slrains
gauge needle. The jars were incubated for one hour at room temperature in the 3 greenhouse. A 10 cm 3 sample was then removed and analyzed for ethylene by gas 4 chromatography (Hardy et al. 1968 ). Plant shoots were dried at 70°C for 48 hours, 51 ground and analyzed for total N by Brookside Laboratories, New Knoxville, Ohio. 6 Nodules were counted and nodule ocmpancy was determined following the procedure 7 of Lieberman et al. (1986) . The number of developing colonies on the YEM-antibiotic 
12
Soil pot co-inoculation greenhouse study 13 Approximately 0.06 m 3 of soil (0 to 15 cm deep) was obtained from the SIU-C 14 Agronomy Research Center. The soil is classified as a Stay silt loam, and com was 15 16 produceo at that site the previous year.
17
The soil was allowed to air dry on a greenhouse bench, ground and analyzed for i followed by1be addition of gmn acacia and activated charcoal as previously described; 7 8 (3) 0.3 rol (each) of B.japonicum and S. kanamycetius followed by gum acacia and 9 activated charcoal. The mean plate count of each inoculum strain is given in Table 2 .
The inoculat~d seeds were immediately planted into the soil pots (3 seeds per pot 11 for 10 replications per treatment) and randomized in a complete block design. Five days 12 following emergence, each experimental unit (pot) was thinned to one seedling per pot. 13 Plants were watered as needed with potable water from the greenhouse, and a 16 14 hour photoperiod was used as previously described. Thirty-five days after planting the 16 plants were removed from the soil with the plant shoots severed just above the root 17 system. The roots were washed free of soil and placed in Whirl Pak bags and stored in a 18 freezer at -20°C until measurements could be made. Nodule number and occupancy IB was determined as previously described. Nodules were plated on YEM agar plates 21 containing KN or KT (100 j.lglml per antibiotic), and YEM agar alone as a positive 22 control. The plates were incubated 10 to 14 days and scored for growth. Plant shoots 23 were dried at 70°C for 48 hours, ground to pass a 100 mesh sieve, and analyzed for total 24 N by Brookside Laboratories, New Knoxville, Ohio. The bradyrhizobia from the BRC nodule samples were inhibited the least by neomycin 13 and rifampicin (76.5 and 73.5%, respectively). Tetracycline and kanamycin were most 14 inhibitory (95.3 and 96.5%) to the bradyrhizobia from this site. Inhibition for the BRC 15 16 strains was in the order: kanamycin> tetracycline> oxytetracycline> neomycin> 17 rifampicin. Overall inhibition across the two sites was of the order kanamycin> 18 tetracycline> oxytetracycline> rifampicin> neomycin. 19 Testing ojantagonist strains The percent inhibition by actinomycete strains when inoculated and grown 21 22 simultaneously with the B. japonicum test strains is given in actinomycete strains was of the order S. coruleoprunus > S. kanamycetius > S. rimosus 8 > S. species> A. mediteranei, ranging from 22 to 9.2% inhibition. 9 Testing strains for competency in nodulation and N 2 fuation activity 10 A total of 81 antibiotic resistant strains of B. japonicum were isolated and 11 evaluated in nine greenhouse trials of symbiotic competency. Table 5 only summarizes  12 the results of two trials from which 9 strains were selected for the soil-pot greenhouse 13 study. In all of the other trials the antibiotic resistant strains had reduced symbiotic I , 12 1 were no differences among treatments for nodule number (Table 6 ). --The' KNI-=nb-=2 2 treatment had a higher nodule count than all other treatments while the N fertilizer 3 control (as expected) had the lowest nodule count. Nodule occupancy varied from °t o 4 18.3% when the KN or KT strains were used as sole inoculants. However, an increase 51 I in nodule occupancy occurred with co-inoculation by S. kanamycetius and strain KNI 6; 7 i 110-1, KNI-llO-5, or KN3I1B-2, improving from 1.0,6.6 and 0% to 44.8, 48.0, and 8 55.0%, respectively. The S. kanamycetius treatment resulted in a nodule occupancy that 9 was not different from the non-inoculated control. An increase in shoot N content over 10 the non-inoculated control by the co-inoculum treatments of S. kanamycetius and strains 11 KNI-IIO-l, KN3I1B-2, or KT3I1B-3 was determined (3.13,3.05, and 3.24%, 12 respectively). However, inoculation by strains KN3I1B-3, KT3I1B-l and KT3I1B-2 13 14 without S. kanamycetius also resulted in a higher shoot N contents (2.99, 3.21, and 15' 3.07% respectively) over the non-inoculated control treatment. All other inoculum 16 treatments were equivalent in shootN content to the non-inoculated control.
Statistical analysis
Discussion
18
The main objectives of this study were to assess the antibiotic sensitivity of the 19 native bradyrhizobia in southern Illinois soils, and to develop antibiotic resistant strains 20 of B. japonicum which may be used to co-inoculate soybean crops with the appropriate 21 22 antibiotic-producing actinomycete strain.
23
At the ARC and BRC research centers, the native bradyrhizobia showed greater 24 sensitivity to kanamycin than neomycin despite their similarities in modes of action. 25 This may be attributed to a plasmid encoded resistance to neomycin, but not kanamycin, 26 at these locations and/or the presence of streptomycetes which synthesize neomycin or 27 13 neomycin-like agents resulting in the selectioii:ror neomycin resistance. Tetracycliiie-'-1 2 and oxytetracycline were similar in their degree of inhibition at both the ARC and BRC 3 locations. These results suggest that varying populations of actinomycetes (which 4 produce these antibiotics) exist at the Carbondale and Belleville locations. However,
51
! similar results for rifampicin inhibition were obtained for both locations, implying 6 similar populations of Amycolatopsis mediterranei may exist at both field sites. 7 Collectively, the inhibition of B. japonicum from soybean nodules derived from 8 9 these two locations was not identical, indicating that antibiotic sensitivity varies from 10 location to location. However, on average, kanamycin was most effective in suppressing 11 the growth of the native bradyrhizobia. Marciniak (1984) reported a greater incidence 12 of intrinsic resistance to streptomycin, kanamycin and rifampicin at Brownstown, 13 illinois but found a greater sensitivity by the native bradyrhizobia to these same 16 that the intrinsic resistance of B. japonicum isolated from South Carolina soils to 17 antibiotics was of the order: streptomycin » streptomycin + neomycin> streptomycin 18 + rifampicin> kanamycin + rifampicin = kanamycin + nalidixic acid. These authors 19 concluded that intrinsic resistance by native bradyrhizobia was the norm for South 20 Carolina soils. 21 
22
The efficacy of the actinomycete cultures in suppressing the growth of the B.
23 japonicum test strains was variable. On average, the lower antibradyrizobial activity 
51
The variation in nodule occupancy, shoot N content, and nitrogen fixation 6! I (acetylene reduction) activity may also be attributed to the acquisition of antibiotic 7'
8 resistance. Cole and Elkan (1979) have suggested that a potential for the loss of 9 resistance characters exists for B. japonicum. Additionally, the failure to detect an 10 applied inoculum labeled with multiple markers may also be due to slow growth and an 11 inappropriate incubation period. Levin and Montgomery (1974) reported that B.
12 japoncium is, in general, not susceptible to the loss of effectiveness in nodulation or 13 efficiency in nitrogen fixation due to antibiotic resistance. The observed differences in 14 15 shoot N content and nitrogen fixation (acetylene reduction) activity in this study may be 16 related to the acquired resistance to kanamycin andlor neomycin which interferes with 17 nutrient transport (Stryer, 1995) . 18 The addition of nitrogen as a fertilizer control was used to compare the 19 differences in shoot N content between biologically fixed and applied N. Although this 20 21 fertilizer treatment resulted in a higher N content than all other treatments, the benefits 22 of soybean inoculation by strains KN3IlB-3, KT3IlB-1 and KT3IlB-2, and S. 9 kanamycetius and a strain of B. japonicum may be highly specific. Thus, the most 10 compatible strains ofB. japonicum in association with S. kanamycetius offers the 11 greatest potential for successful soybean inoculation.
12
The higher nodule number following inoculation with KNl-ll 0-2 inoculum 13 treatment did not result in an improvement in nodule occupancy by this strain or shoot 14 15 N content. Although co-inoculation by this strain with S. kanamycetius reduced the 16 number of nodules, it did improve nodule occupancy 2.7 fold and shoot N content by 17 9.8%. It may also be that the strain caused an increase in nodule occupancy by a more 18 efficient strain, resulting in a greater shoot N content, and also a reduction in the number 19 of nodules required to fix N. These results show that no relationship exits between 20 21 nodule number and nodule occupancy or shoot N content, but that co-inoculation with S.
22( kanamycetius may improve the occupancy of an applied strain.
23
The problem of successful soybean inoculation by an applied strain of B.
24 japoncium still exists. It is clear from this study that the co-inoculation of soybeans 25 Iwith an appropriate actinomycete strain may be a novel approacb in overcoming 
